Introduction
Members of the geminivirus group of plant pathogens are characterized by a genome consisting of circular ssDNA encapsidated by geminate particles (Stanley, 1985) . Based on host range and insect vector, they may be conveniently divided into three subgroups: viruses infecting monocotyledonous plants and transmitted by leaf hoppers (subgroup I), viruses infecting dicotyledonous plants and transmitted by leaf hoppers (subgroup II), and viruses infecting dicotyledonous plants and transmitted by the whitefly Bemisia tabaci (Genn.) (subgroup III). The genomes of the type members of all of these subgroups have now been sequenced, respectively being maize streak virus (MSV; Mullineaux et aL, 1984) , beet curly top virus (BCTV; Stanley et al., 1986) and bean golden mosaic virus (Howarth et aL, 1985) .
Serological analysis of 24 streak virus isolates from Africa has identified three distinct strains , the maize, Panicum maximum and sugarcane strains. Of these the maize strain is the most damaging to crops (Damsteegt, 1983) and for this reason has received the most attention, with four isolates having been characterized at the DNA sequence level (Mullineaux et al., 1984; Howell, 1984; Lazarowitz, 1988; Boulton et al., 1991) . Recently, Hughes et al. (1991) concluded that the causal agent of streak disease in sugarcane is distinct from MSV; it will be referred to as sugarcane streak virus (SSV). A clone of SSV has been completely sequenced (Hughes, 1990 ).
The nucleotide sequence data reported in this paper appear in the DDBJ, EMBL and GenBank Nucleotide Sequence Databases under the accession number X60168.
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To investigate the relationship between the three proposed serological groups of streak geminiviruses from Africa, an isolate of the P. maximum strain was cloned and sequenced, and will be referred to as Panicum streak virus (PSV). The evolutionary relationship between PSV, SSV, MSV and other geminiviruses infecting monocotyledonous plants is discussed.
Methods
Source and maintenance of isolate. P. maximum (guinea grass) plants infected with a Kenyan isolate of PSV were obtained from Dr J. Theuri (Kenya Agricultural Research Institute, Nairobi, Kenya) and formed part of a collection made by Dr K. Bock. The isolate had previously been designated P(K)P-B and was maintained vegetatively in insect-free glasshouses.
Cloning of PSV DNA and infectivity of resulting clones. PSV supercoiled DNA (scDNA) was isolated from infected P. maximum tissue as described for African cassava mosaic virus (ACMV) . Samples of scDNA were digested with various restriction endonucleases and analysed by agarose gel electrophoresis to determine single cutting sites suitable for cloning of the full-length genome, scDNA linearized with HindlII was cloned into M13mp19 (Norrander et al., 1983) . A single clone (pPSV 001) containing a potentially full-length insert was selected for further analysis.
A HindIII-SalI fragment of pPSV 001 of approximately 2000 bp was cloned into the binary vector pBinl9 (Bevan, 1984) , and the full-length HindIII insert of pPSV 001 was subsequently ligated into the unique HindIII site to yield a construct containing a partial repeat, pPSV I. 75. This pBinl9 construct was then conjugated by established techniques (Ditta et al., 1980) into Agrobacterium tumefaciens strain C58 n~t (Hepburn et al., 1985) . Agroinoculation (Grimsley et al., 1987) into Zea mays (cv. Golden Bantam) seedlings was as described previously (Boulton et al., 1989) .
Determination of nucleotide sequence. The nucleotide sequence of infectious clone pPSV 001 was determined by dideoxynueleotide chain termination sequencing (Sanger et al., 1980) using Sequenase Version II (USB) and [~-35S] dATP (New England Nuclear). Ambiguities in the sequence were resolved by Taq DNA polymerase sequencing (Promega). Restriction fragments produced from the full-length PSV insert were 'shotgun' cloned into M13mpl8 and -mpl9 for sequence analysis. Areas of the genome which lacked suitable restriction endonuclease sites for subcloning were sequenced using specific primers produced by a Pharmacia oligonucleotide synthesizer. Sequencing products were resolved by electrophoresis in denaturing buffer gradient gels (Biggin et al., 1983 ) using acrylamide solutions from Severn Biotech. Sequence information was stored, assembled and analysed using the Program Library of the University of Wisconsin Genetics Computer Group (Devereux et al., 1984) .
Insect transmission of progeny virus. PSV was transmitted from agroinoculated Z. mays plants to Z. mays or P. maximum seedlings using the vector C. mbila. Insects were given a 48 h acquisition access period on infected plants before being transferred singly, or in groups of 10, to test seedlings. Following a 78 h inoculation access period, the seedlings were sprayed with organophosphorous insecticide and maintained in insect-free glasshouses. Plants were examined daily for the appearance of symptoms.
Results and Discussion
Infectivity, symptoms and insect transmission PSV-specific dsDNA extracted from PSV-infected P. maximum leaf material was cloned into a bacteriophage vector as a HindIII clone. A partial repeat of the genome was constructed in pBinl9 (pPSV1.75). Following conjugation into A. tumefaciens strain C58 TM, agroinoculation of Z. mays seedlings with pPSVI. 75 resulted in levels of infectivity exceeding 77% (Table 1 ). The latent period between inoculation and symptom appearance in Z. mays was typically 7 to 8 days. Symptoms of infection on Z. mays were well dispersed chlorotic streaks over the leaf surface (Fig. 1 a) with little stunting of growth. No infection, as judged by symptom production, was produced by agroinoculation of 60 P. maximum seedlings. The most likely cause for the lack of infection of P. maximum plants by agroinoculation is the technical problem of locating and inoculating the meristem in small seedlings.
The efficiency of transmission of progeny PSV to healthy maize seedlings after acquisition by C. mbila from maize plants infected by agroinoculation is given in Table 2 . First symptoms typically appeared within 10 days after transfer of the insects to healthy seedlings. Efficiency of transmission was consistently low, typically between 4% and 11%, increasing with longer acquisition access periods. Transmission of the wild isolate of PSV from P. maximum to maize occurred at similarly low levels (results not shown). In addition, progeny PSV was transmitted with poor efficiency from maize to P. maximum. A single infected plant was obtained in each of two independent experiments using 15 seedlings and approximately five insects per plant, demonstrating the infectivity of the cloned virus in P. maximum. Symptoms (Boulton & Markham, 1986) . Efficient acquisition of MSV from maize by C. mbila is thought to occur due to a shift from phloem feeding to mesophyll feeding, triggered by the severe yellow chlorotic symptoms of MSV in maize ; efficient transmission is ensured by the insect's normal preference for phloem (Mesfin et al., 1992) . As virus distribution correlates with symptom expression within the monocotyledon-infecting geminiviruses, the greater the number of chlorotic lesions the more efficient is acquisition from MSV-infected maize. The relatively mild symptoms produced by PSV, particularly in maize, suggest inadequate levels of virus available to and consequently acquired by the insect vector. Further studies on the feeding habits of C. mbila on P. maximum will be required to clarify this question. Low levels of transmission as well as the milder symptoms produced by PSV in host plants may be the primary reasons why PSV does not form a significant problem in cultivated crops. Bock et al. (1974) reported being unable to transmit an MSVrelated streak disease of P. maximum to maize using C. mbila, but they were able to transmit the virus from P. maximum to P. maximum, although no figures for efficiency were given. However, it is possible that some other species of Cicadulina may be more efficient vectors of PSV than C. mbila, although there is no evidence to support this. 
Nucleotide sequence and genome organization of PSV
The nucleotide sequences of both strands of clone pPSV 001 were determined with no ambiguities. The sequence of the virion strand is given in Fig. 2 and contains 2700 nucleotides. Both the virion and complementary sense DNAs were screened in all three reading frames for the presence of open reading frames (ORFs). Five ORFs with the capacity to encode proteins of Mr greater than 10K were detected (Table 3) and numbered according to the convention of Davies & Stanley (1989) . The position and orientation of ORFs are shown in Fig. 3 , starting from the first in-frame methionine codon (with the exception of ORF C2). Nucleotide numbering proceeds from the 5' methionine codon of the V 10RF. Transcription may be assumed to be bidirectional, originating in the large intergenic region, as has been demonstrated for MSV (Morris-Krsinich et al., 1985) , Digitaria streak virus (DSV; Accotto et al., 1989) , ACMV , tomato golden mosaic virus (Sunter et al., 1989) and wheat dwarf virus (WDV; Dekker et al., 1991) . The lack of a 5'-proximal ATG codon for the C20RF suggests that, like those of DSV (Accotto et al., 1989; Mullineaux et al., 1990) and WDV (Schalk et al., 1989; Dekker et al., 1991) , translation of this ORF may occur following splicing of complementary sense transcripts. Sequences resembling the splice donor and acceptor sites of DSV (5' AG: GTCAGTG 3' and 5' GATTACACTA-G :G 3' respectively; Acotto et al., 1989) which flank the overlap of ORFs C1 and C2, at nucleotides 1751 (5' AGGTCAGTC 3') and 1665 (5' GATACAACCAGA 3') are present on the PSV genome. The potential size of the spliced product would be 41.9K, with an intron of 92 bp. A lariat sequence (CTGAC), corresponding to the consensus branch point sequence for plants (CTPuAPy; Brown et al., 1986) and conserved among monocotyledon-infecting geminiviruses (Schalk et al., 1989) is positioned ahead of the putative splice acceptor site. Splice-mediated fusion of the C1 and C2 ORFs would seem to be a common feature to all geminiviruses infecting monocotyledonous plants, having recently been shown to occur in MSV (J. Gronendijk & M. I. Boulton, personal communication) and probably Miscanthus streak virus (MiSV; Chatani et al., 1991) . Differential splicing of virus-encoded transcripts has been suggested as being important in regulating gene expression (Acotto et al., 1989; Mullineaux. et al., 1990; Dekker et al., 1991) .
A putative hairpin structure with the loop sequence TAATATTAC, which is conserved in all geminiviruses characterized, is present on the PSV genome at positions 2535 to 2567. This structure has been shown to be the origin of viral-strand DNA synthesis for BCTV (Stenger et al., 1991) .
Comparison to other geminiviruses infecting monocotyledonous plants
Serological studies investigating the diversity of streak diseases caused by geminiviruses in Africa showed that they can be divided into three distinct strains, the maize, Panicum and sugarcane strains, and show a close serological relationship to DSV from Vanuatu ), a geographically distant virus with a different vector (Julia & Dollet, 1989) . Owing to its economic significance in Africa the maize strain has been analysed extensively, with the sequences of four isolates completed to date (Mullineaux et al., 1984; Howell, 1984; Lazarowitz, 1988; Boulton et al., 1991) . However, since maize and sugarcane crops were introduced into Africa and are affected by geminiviruses only in Africa, the progenitors of these viruses are likely to be viruses infecting indigenous grasses. P. maximum is widely distributed in Africa as natural vegetation and is also cultivated for grazing (Edwards & Bogdan, 1951) . It is almost universally infected with streak disease (Edwards & Bogdan, 1951) and despite the numerous chlorotic lesions, infection appears to have no effect on plant growth and vigour. This suggest a long evolutionary association between the virus and its host.
The relative levels of conservation between the predicted amino acid sequences of the four ORFs of PSV and their counterparts in other sequenced monocotyledon-infecting geminiviruses are shown in Table 4 . The similarity between PSV and both SSV and MSV suggests a common ancestry for these three viruses, as do other features such as overlapping host range, transmission by ., 1992) . A third ORF (V3) was identified on the viral strand, but has no homologue in the other sequenced geminiviruses; it is therefore assumed to be non-functional, although this will require confirmation by mutagenesis. The coat proteins of the monocotyledon-infecting geminiviruses are in the region of 46~o to 82~o identical. A major contribution to this level of conservation must be the requirement to form geminate particles, a capsid structure all geminiviruses share. For the African viruses (MSV, SSV and PSV), which have the same leaf hopper vector species, the similarity is between 79~ and 82~. The whitefly-transmitted geminiviruses exhibit even higher levels of coat protein identity (from 80~ to 98~) and are also transmitted by a single vector species (B. tabaci). However, the level of conservation of the coat protein between DSV and the African viruses (77~ to 79 ~) is surprising. DSV is both geographically distant to these viruses and transmitted by a different vector. An alignment of the predicted amino acid sequence of the PSV coat protein with those of MSV, SSV and DSV is given in Fig. 4 . The significance of the amino terminus being the most variable region remains unclear. If vector specificity were a major factor in determining coat protein amino acid sequence one might expect the African monocotyledon-infecting geminiviruses to have even higher levels of identity. However, the range of sequence identity for the coat proteins of the geminiviruses emphasizes their multifunctional role. 
